(From the L~boralories of The Rockefeller Institute for Medical Research)
(Received for publication, March 13, 1944) The existence of a living cell depends upon the association and coordinated activities of a number of elements which, from their appearance and behavior under the microscope, seem to be essentially distinct in constitution and in function. Five components appear to make up the bulk of the body of an undifferentiated cell: the nucleus, with its own internal nucteolar and chromatin structures, the mitochondrial system, the Golgi apparatus, the chromophilic ground substance , and the sarcode of Dujardin (1), a component of the cytoplasm capable of reversible gelation and which appears to play an essential part in the motility of the cell. This knowledge of cell constitution represents the accumulated findings of more than a hundred years of intensive microscopic studies; but the use of the microscope, alone or in conjunction with ingenious techniques of fixation, staining, or microdissection, has repeatedly failed in answering two of the major queries of modem cytology; namely, what is the chemical nature of the diverse protoplasmic structures and what is the intracellular topography of biochemical function.
In view of the difficulties involved in studying the cell constituents i~ s/tu, as by the microscopical method, it would seem that concerted efforts should be made to obtain the various elements of the cell in a state of relative purity, and in sufficient amount, so that full advantage could be taken, in the investigation of their nature and activities, of the methods of analysis currently available in the fields of physics and chemistry.
Recent findings indicate that the desired fractionation of the cell, at least as far as certain elements are concerned, can be accomplished by a simple method of differential sedimentation in the centrifuge. The application of this method to various tissues has led to the recognition of a submicroscopic component of cytoplasm, recently isolated from many types of cells (2) (3) (4) (5) , and to the separation of known cell structures as, e.g., chromatin strands from the nucleus (6), zymogen granules from pancreas (4, 5) , pigment granules from amphibian tissues (7) , and large granules from mammalian liver (8) (9) (10) .
When the cell happens to contain various types of elements that are nearly alike in size and shape, not only may their separation prove difficult, but identification of the purified elements as the special cell structures that they are may not be possible since discrimination of them will depend mainly on staining 19
techniques and these are rarely specific. For example, in the case of mammalian liver it has not been decided what proportion of the numerous elements that can be detected in the cytoplasm by appropriate cytological techniques corresponds to typical mitochondria. Analogy with amphibian liver, in which is found a polarization of spherical granules and elongated mitochondria, similar to that existing in the pancreas (11) , would suggest that an appreciable portion of the large elements mechanically isolated from liver are homologous with typical secretory or zymogen granules. This view seems to be supported by the fact that, in the liver cell, only a limited number of the large elements stain with Janus green. For the reasons just stated it seems that the liver is not the material best suited for the study of the constitution of mitochondria. For an investigation of this kind, more favorable conditions might be found in undifferentiated cells, usually devoid of apparent specific function, and in which mitochondria are "known to represent the major portion, by far, of the large granules that are detectable in the cytoplasm by ordinary microscopical methods. Certain tumors seem to fulfill this requirement and generally, to constitute an appropriate material for the study of elementary cell function.
The material selected for the present work was a large, neoplastic, apparently immature, lymphoid cell of the rat which proliferates rapidly when introduced into new hosts, producing a leukemic condition or giving rise to large subcutaneous tumors, depending on the route of inoculation (12) . The present paper is concerned with the mechanical fractionation of subcutaneous tumor material, the different cell components being segregated in the centrifuge according to size. A preliminary study of the chemical and physical properties of three main fractions of cytoplasmic origin has been made, especially with respect to their content in nucleic acid and phosphorus.
Material
The leukemic cell (12) which is the subject of this investigation has been used previously on various occasions, for the preparation of chromatin threads from the resting nucleus (6) and for the study of a cytoplasmic component sedimentable at high speed (5) . The lymphosarcoma form of the disease is marked by rapid growth, the subcutaneous inoculation of leukemic cells giving rise to 10 to 15 gin. tumors within 10 to 12 days. The tumor is uniform in cell type with very little connective tissue, scant blood supply, and no appreciable necrosis. The characteristic element is a lymphoid cell with a large nucleus, and an abundant and highly basophilic cytoplasm. Most of the large granules found in the cytoplasm are round mitochondria staining typically with Janus green, only a few granules or vacuoles becoming stained with neutral red.
:EXPERIMENTAL
Preparation of Extract
The entire process of extraction and separation of the various cell fractions was carried out at 2 to 8°C. The freshly removed tumors were chilled, passed through a 1 mm. mesh masher, and the resulting pulp was ground alone in a mortar, for from 3 to 5 minutes. A slightly alkaline 0.85 per cent NaC1 solution 1 was then added, very slowly at first, to a final volume equivalent to five times the weight of the pulp. It was estimated that, by this simple treatment, approximately 50 per cent of the cells had been broken, the nuclei that were set free remaining apparently intact as long as the use of sand in grinding was omitted. Subsequent fractionation of this suspension in the centrifuge was done, with frequent microscopic examination of the supernates and of the sediments under direct or dark-field illumination. The elements visible in the crude suspension were tissue debris, unbroken cells, free nuclei, many large granules, and a great number of small particles. The occurrence of chromatin threads in the suspension would indicate that some of the nuclei have been damaged (6) .
As a preliminary to fractionation the debris, intact cells, and nuclei were removed either by three successive runs of 3 minutes in the centrifuge, or by a 4 minute run followed by a run of 10 minutes at 1500 X gravity3 Previous work had shown that a run of 10 minutes would insure the removal of chromatin threads if the latter were present (6) . The supernate, left after this preliminary treatment of the suspension in the centrifuge, and referred to as the extract, was the material used in the following study.
Microscopic observations made in the course of the preparation indicated that the tumor extract contained constituents of the cytoplasm for the most part. Inspection of the extract under the ordinary or dark-field microscope revealed the presence of innumerable bodies which, as regards size, seemed to form a continuous series from the largest granules, approximately 1.5 ~ in diameter, to those particles lying at the limit of visibility. Experience has shown that this tumor extract, as tissue extracts generally, contains even smaller elements whose sizes are below the power of resolution of the microscope (4, 5) .
By submitting the tumor extract to centrifugation at the proper speed it was found that the sedimentable elements could be segregated into two main fractions, each presenting distinct physical and chemical characteristics. One fraction, which was separated at relatively low centrifugal speed, was composed of large elements, approximately 0.5 to 1.5 ~ in diameter. These large granules 1 The solution was made alkaline by the addition of 2 cc. 0.1 N NaOH per liter of saline, thus bringing its reaction to about pH 9.5. The use of a slightly alkaline medium is necessary in order to maintain the reaction of the suspension above the neutral point. Below pH 7.0 the cytoplasmic granules agglutinate and therefore cannot be properly separated.
2 The instrument used was the type SB, size 1, centrifuge, International Equipment Company, Boston, Massachusetts. The preliminary centrifugation (1500 × g) was done by means of the horizontal yoke No. 233 or 242; purification of the mitochondria was carried out in the conical head No. 823 (2400 X g); the microsomes were separated by means of the multispeed attachment and No. 295 head (18,000 X g).
represent, for the most part, free mitochondria, as demonstrated by the fact that they undergo supravital staining with Janus green3
Bensley and his associates (13) consider that similar large granules obtained from guinea pig liver represent mitochondria whereas it has been the opinion of the writer that in the liver, as in the case of the pancreas, many of the granules which are isolated correspond to those elements referred to by cytologists as secretory, or zymogen granules (4, 5) . Such a problem of interpretation does not present itself in the case of the material used in the present work, i.e. the rat leukemia, since most of the large granule s of the size range just mentioned, and recognizable in the living leukemic cell, are typical mitochondria.
The other fraction corresponds to a material sedimentable at relatively high speed and is composed for the most part of small particles, about 50 to 300 m~ in diameter.
In the succeeding sections the main components of the tumor extract will be studied in the following order: (1) mitochondria, (2) small particles, and (3) constituents of relatively low molecular weight left in the extract after removal of the first two fractions.
Mitochondria
The mitochondria were separated from the tumor extract by 20 minutes centrifugation at 2400 × g, in an angle centrifuge3 The supernate (571) was decanted, except for a layer next to the sediment, and was saved for further fractionation. Most of the sediment was resuspended in alkaline saline amounting to one-fifth the original volume of the extract, the lowest portion of the deposit being left in the tube. Washing of the material was accomplished by submitting the sediment to three or four similar cycles consisting of sedimentation in the centrifuge and resuspension either in alkaline saline or alkaline distilled water. 1 Each time, a small amount of the material at the bottom of the sediment was left in the tube, thus eliminating the larger elements such as red blood corpuscules or cell nuclei that might have been carried along with the mitochondria. After the last centrifugation the material was resuspended in distilled water and dried in vacuo and in the frozen state in preparation for chemical analysis, or else resuspended in a small volume of neutral saline.
Under the microscope the purified material was found to be composed almost exclusively of granules ranging in size between 0.5 and 1.5 ~ in diameter. These granules were found to disintegrate in pure distilled water; 4 they persisted for a 3 When stained with Janus green, the leukemic cells of the rat resemble closely the leukemic cells of the mouse, as is illustrated in the paper of Potter, J. S., and Ward, E. N., Cancer Research, 1492, 9., 655.
4 Mitochondria were found to break up almost immediately when dispersed into a large volume of distilled water; from the water suspension no large granules could be recovered but, upon centrifugation at high speed, small particles were obtained. These while in solutions of low salt concentration, as shown by the fact that they could be washed either in saline or in water without affecting markedly their gross chemical composition.
The results of elementary chemical analysis are recorded in Table I . guinea pig and rat liver, and zymogen granules from beef pancreaS (4, 5, 10). The results differ, both quantitatively and qualitatively, from those of Bensley and Hoerr (8) and Bensley (9) who had originally concluded from a study of liver "mitochondria" that these structures contained 43.6 per cent fatty substances, predominantly glycerides, not phospholipids. Recent statements by Bensley (14) are more in agreement with our findings. An attempt was made to prepare nucleic acid from mitoch0ndria. A fresh suspension of the granules in distilled water was brought to pH 13.0 by the addition of sodium hydroxide, and the denatured proteins were removed by acidification. Addition of uranyl chloride-trichloracetic acid reagent (15) to latter closely resembled typical microsomes in size and physical properties. A similar observation regarding the disintegration in distilled water of large granules from liver and pancreas, and the concomitant release of "small partides," has been reported previously (4, 5) . the filtrate caused the separation of a substance that gave positive tests characteristic of ribose nucleic acid.
Preliminary tests of biochemical activity were made in collaboration with Dr. G. H. Hogeboom, the results given being calculated in terms of cubic millimeters of oxygen taken up, per milligrams of nitrogen, per hour. Values obtained for succinic dehydrogenase were, Qo2 ~ 135 to 208; those for cytochrome oxidase, Qo~ ~ 500. The material used in these determinations was purified preparations of mitochondria tested with succinate or ascorbate as substrate, in presence of added cytochrome-c, and Al and Ca ions. Measurements were made on the manometric apparatus of Warburg.
Small Particles or Microsomes
The second fraction separated from the tumor extract was composed for the most part of small particles, whose size was below the power of resolution of the ordinary microscope, or was just at the limit of visibility.
To distinguish these small cell components from the large granules, the term "microsome" has been proposed (4). It has already been shown that the largest among these elements do not represent mitochondria, as had been originally suggested (4, 10) . However, since small particles exhibiting the general properties of microsomes 4 have been obtained from mitochondria the possibility of a definite relationship between the two types of elements, namely mitochondria and microsomes, is indicated, but the nature of this relationship must remain an open question until further work can be done.
The microsomes of the tumor extract were separated and purified, according to the following procedure.
The first supernate ($1) left after removal of the mitochondria was submitted to 1½ hour centrifugation at 18,000 × g.~ The supemate ($2) from this high speed centrifugation was decanted and saved for further study. The transparent pellet was resuspended in alkaline saline or water and the particles were purified in the usual manner by two additional cycles consisting in sedimentation at high speed and resuspension in saline or water. Intermediate runs of 5 minutes at high speed were made between the long runs to remove large granules that might have contaminated the material. The deposit from the third long run, a completely transparent and practically colorless pellet, was taken up in distilled water and the suspension was desiccated in ~acuo and in the frozen state.
Results of chemical analysis of the purified microsomes are recorded in Table  I . The lipid content of 36.6 per cent is rather low as compared with 45 to 50 per cent found in other tissues but resembles similar low values obtained with the tumor-producing fraction of Chicken Tumor I (3). The phosphorus content of the microsomes is remarkably high, but the values of 2.2 per cent and 1.8 per cent for the complete and lipid-free fractions, respectively, are com-parable to those obtained for the microsomes derived from pancreas and embryonic cells (3, 4) . This abundance of phosphorus may be related to the hasophilia of the cytoplasm, characteristically pronounced in these three types of cells. It has been shown previously that the chromophilic property of the ground substance of the cell is associated with the presence of the submicroscopic microsomes and the basophilia itself has been related to the existence of ribose nucleotides in the particles (4, 5, 10) .
Distribution of Nucleic Acid in the Cytoplasm
In recent years attempts have been made to determine microscopically the distribution of nucleic acid in the cell by means of a technique involving the selective absorption of ultraviolet light. A large number of data have been (16) , but the determination of absorption, often made on fixed tissues, suffers from the uncertainties inherent in microscopical techniques. As a result, speculations on the nature and the origin of ambiguous structures such as the chromidial substances or the ergastoplasm have been revived (16) . Previous work from this laboratory has indicated that ribose nucleic acid is associated with particulate structures among them microsomes (3, 4) , secretory granules (5, 10), and, as shown in the present paper, mitochondria. It was of particular interest to find out whether nucleic acid in the cell occurred in a non-sedimentable form. With this in view, the distribution of phosphorus in the extract was investigated. The results are summarized in Table II. The supernate $2, left after mitochondria and microsomes had been removed, was centrifuged once more at 18,000 × g for 2½ hours. The material collected by this centrifugation presented the general characteristics of ordinary microsomes and probably comprised both smaller elements that had failed to come down earlier and those microsomes that had become resuspended at the end of the preceeding centrifugation. The new supernatant S~ was then submitted to a final centrifugation at 65,000 > g, for 2 hours3
The supernate from this last centrifugation at high speed is referred to as S, in Table II . More than 50 per cent of the resulting pellet was found to be composed of rapidly sedimentable material similar to the substance of the microsomes. The other portion, representing no more than 0.5 per cent of the original extract was resuspended in some of the supernatant fluid. A preliminary test of this material in the analytical centrifuge was made by Dr. A. Rothen. The results indicated that components belonging to four different size groups were present, as shown by the detection of four sedimenting boundaries corresponding approximately to sedimentation constants of S~0 ~--15, 20, 30, and 50 )< 10 -13, respectively.
The data presented in Table II indicate that as much as 50 per cent of the phosphorus present in the original extract was sedimentable, most of this material (45.5 per cent) being removed by centrifugation at 18,000 X g. The nature of the remaining phosphorus was investigated by dialysis and acid precipitation of $3. It can be seen from the data in Table II that most of the phosphorus remaining in the supernate $3 was dialyzable, the non-dlalyzable amount (S~!)) being approximately equal to the quantity that would have been sedimented at 65,000 X g.
The acid-soluble phosphorus was determined by treating the supernate S~ with trichloracetic acid. The amount of acid-soluble phosphorus found in the filtrate (S~ v) was practically the same as that present in the supernate after the last centrifugation at 65,000 X g ($4), confirming the fact already indicated by the results of dialysis that the non-sedimentable phosphorus is probably not protein phosphorus. About two-thirds of the acid-soluble phosphorus, or 32 per cent of the phosphorus present in the original extract, was found to be inorganic phosphorus.
It may be doubted that such a high proportion of inorganic phosphorus exists in the intact cell. Our tissue extracts were found to contain active phosphatases and it is possible that all, or part, of this inorganic phosphorus was set free by the action of these enzymes in the course of preparation of the material. The remaining third of the acid-soluble phosphorus is probably associated with organic compounds of low molecular weight such as adenosine-triphosphate, hexose.phosphates, etc. Addition of uranyl chloride reagent (15) to the trichloracetic acid filtrate failed to cause a precipitate, indicating that nucleic acid was not present.
The power of the supernate $4 to absorb ultraviolet light was determined, 5 The equipment for this high speed centrifugation was an air-driven centrifuge (17) .
and the results are illustrated in Text- fig. 1. 6 The presence of hemoglobin is indicated by a band at ), 4100, the hemoglobin bands at ), 5400 and X 5750 being also detectable. The weak absorption in these regions indicates that components of blood origin were probably not present in considerable amount. In the region of shorter wave lengths, there is a minimum of absorption at ~ 2550.
~.000 2,500 3000 3N)0 4000 4Y)0 ~000 R TExT-FIo. 1. Absorption spectrum of rat tumor extract ($4) after successive removal of the sedimentable constituents by low and high speed centrifugation. The wave lengths (>,) are expressed in Angstr6m units. The coefficient E represents the extinction produced by an extract containing 8.2 mg. solids per cc. (see Table II ).
The general nature of the curve shows that nucleic acid was not present in appreciable amount in the solution. The slightly greater absorption in the region of k 2650 may correspond to small quantities of compounds such as adenosine-triphosphate or coenzyme I; the presence of the latter in the extract was detected by other means.
Phosphorus distribution and light absorption analysis seem then-to demofistrate that nucleic acid was not present in the tumor extract either in a free 61 am indebted to Drs. L. Michaelis and S. Granick for the use of the spectr0: photometer and for their help in obtaining the measurements. condition or in the form of nucleoproteins of relatively low molecular weight. The nature of the results suggests that ribose nucleic acid occurs in the cytoplasm only in association with elements of relatively large size. This conclusion is in agreement with previous findings in which ribose nucleic acid was isolated from microsomes, secretory granules, and mitochondria. SIYMMARY 1. Rat tumor extracts, containing chiefly the cytoplasmic constituents of leukemic cells, were fmctionated into three main portions, the different components separating in the centrifuge according to size.
2. Mitochondrla were isolated by centrifugation at relatively low speed. Elementary composition of purified mitochondria was found to correspond to about 11.5 per cent nitrogen, 1.6 per cent phosphorus, and 27 per cent lipids. Phosphorus and nitrogen content of the lipid portion suggests that as much as 75 to 80 per cent of the lipids of mitochondria is represented by phospholipids. Tests for ribose nucleic acid were positive.
3. Microsomes were separated by means of centrifugation at 18,000 X g. A relation between the high phosphorus content of the microsomes and the marked basophilla of the cytoplasm of leukemic cells is suggested.
4. Phosphorus distribution in the tumor extract, and light absorption analysis of the third fraction, seem to demonstrate that nucleic acid was not present either in a free condition, or in the form of nucleoprotein of relatively low molecular weight. The nature of the results suggests that ribose nucleic acid occurs in the cytoplasm of leukemic cells only in association with formed elements of relatively large size, namely microsomes, and mitochondria.
